INTRODUCTION
High-temperature structural materials are critically needed for the improvement of the thermal efficiency and reliability of energy conversion systems and advanced engine systems.
Currently available alloys, such as Ni-based single-crystal superalloy, are limited to use at temperatures of =1 100"C. Superalloy derive their intrinsic strength from reinforcements of gamma prime precipitates, but they tend to coarsen and ultimately dissolve as the temperature increases beyond 11OO°C. NiA1-based aluminide alloys, which are currently under development, have the potential for use at temperatures up to 1200"C. However, many applications require temperature capabilities that exceed this temperature by at least 200°C. The melting temperature (Tm) of a material for structural applications at 1400°C should be >2000°C so that, at most, 0.75 Tm is reached during service, and appreciable high-temperature strength is maintained. Of the potential candidate systems, Mo silicides are particularly attractive owing to their high melting points. Molybdenum disilicide exhibits particularly good mechanical strength properties [1] [2] [3] , high thermal conductivity, high electrical conductivity [4] and promising oxidation resistance at elevated temperature [5] [6] [7] [8] . However, the material has been reported to exhibit high creep rates at temperatures > 1200"C [9] and degradation by a phenomenon known as "pesting" in the temperature range of 400-600"C [10] [11] [12] [13] . This silicides, in particular Mo@i3-based materials, oxidation performance at low temperatures.
2 BACKGROUND paper will address the issues of oxidation of Mo and MoSiz-Si3No composites, with emphasis on Oxidation of Mo silicides strongly depends on the exposure temperature. Accelerated oxidation at low temperatures is generic to all forms and compositions of Mo silicides. Three regimes are present in the oxidation of these materials. These are protective scaling, nonprotective scaling, and accelerated oxidation or "pesting." Pesting is the result of the occurrence of accelerated oxidation within microcracks, accompanied by a large volume increase; the result of such reactions is that the material is transformed into powder. Grain boundaries alone do not lead to pesting because dense hipped MoSiz did not pest even though it was polycrystalline; also, single-crystal MoJ3is does pest. Fabrication method may not have a dominant effect on pesting in as much as materials made by both conventional melting/casting and powder metallurgy routes pest. Because MoSiz is a stoichiometric compound, the fabricated material normally contains excess Si or Mo. The composition, microstructure, and density of the starting material seem to have a large influence on the oxidation performrince of these alloys. .
The oxidation behavior of Mo silicide alloys is predominantly dictated by exposure conditions, which in turn determine the relative growth rates of silica and Mo oxide. At high temperatures (>1000"C), SiOz scale forms and seals the surface and the alloy exhibits protective scaling. At intermediate temperatures, SiOz forms slowly and generally does not filly seal the surface or the grains of silicide and Mo oxide has a tendency to form continuously and volatilize.
Under such conditions, the alloy may not develop a protective silica scale and may exhibit nonprotective scaling. At low temperatures, SiOz does not form fast enough to provide protection, and the oxidation process is dominated by formation of volatile Mo oxide. Although oxidation to form SiOz on the surface of the alloy is beneficial, if it occurs in the interior of the sample, the alloy may be subjected to pesting attack because of a large increase in volume of 340 and 180°/0 respectively, when MOOS is formed from Mo and SiO~is formed from Si. Porosi@ and preexisting cracks in the starting material have a large influence on oxidation performance in that the oxidation in the interior of the alloy can lead to widening of the cracks and enlargement of the pores and thus firther accelerate the oxidation reaction.
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Several studies have been conducted to achieve protective oxidation of Mo silicides by addition of a third element such as Al, Ta, Ti, Zr, . All of these additives form oxides that are more stable than SiOz and it is thought that the effect of their scavenging for O may accelerate the scaling process and thereby prevent or minimize Mo oxide formation. The L addition of these elements, Al in particular, reportedly reduces pesting by formation of an amorphous Mo-Si-Al-O phase in the initial cracks and voids [17] . However, the growth rates for the oxides of any of these third-element additions (at low concentration) are fairly low and comparable to that of Si02 and may not fully minimize pesting attack at low temperatures.
An alternate approach is to add elements such as B to change the composition of the scale from silica to borosilicate, whose plasticityhluidity is supposed to encapsulate the silicide grains (i.e., along the grain boundaries) and eliminate pesting of the alloy [18] . The improved oxidation resistance of B-doped MosSi3 at 800°C is attributed to the mechanism of viscous sintering of the scale to close 'pores that form during the initial transient oxidation period because of the volatilization of Mo oxide. However, the study was not extended to lower temperatures where the pesting is a real problem in any of the Mo silicide alloys.
3 EXPERIMENTAL
PROGRAM
The objectives of this program are to experimentally evaluate the oxidation behavior of Mo silicide, in particular MosSi3-based alloys, in air at temperatures in a range of 500-1400"C and characterize the microstructure, composition, and phase stability in the oxidized condition.
The alloys included B additions, and the alloy fabrication procedure included hot pressing arid casting/solidification routes. Furthermore, the oxidation performance of selected compositions of MoSi2-Si3NQ composites was evaluated over a wide temperature range and the oxidation morphologies were characterized. Several materials were used in the present study to examine the importance of variables such as fabrication method, B content, phase composition, grain structure, and composite composition on the oxidation process. Table 1 lists the alloys used in the experiments, together with the method of fabrication and source of the alloy. The Mo5Si3 alloy produced at Argonne National Laboratory (ANL) by hot pressing the powder of the same composition exhibited a polycrystalline structure, whereas the alloy of the same composition produced at Los Alamos National Laboratory (LANL) was a single crystal. In addition, T1 phase with 2 at.% B, which would be a single phase, was used to evaluate the influence of B in solid solution on oxidation. The LANL T2 alloy is a cast material with a matrix composition of MosSiB2 and some small amount of a second phase; thk alloy contained 25 at.% B, based on the stoichiometry of the matrix phase.
B-doped MoJ3ig, obtained from Ames Laboratory, was synthesized by. arc melting Mo, Si, and B in a consumable arc-melt furnace under an Ar atmosphere. Addition of 9.3 at.% (1.87 wt.%) B produced a three-phase mixture of Mo@ig, MoB, and MoSiz. The arc-melt buttons were ground to submicrometer size powders and dry pressed into bars at 46 MPa. The bars were then hipped at 1440°C and 210 MPa for 4 h to produce the final alloy. The Oak Ridge National Laboratory (ORNL) alloy MSB1 was made by hot pressing MoSiz, Mo, B, and C powders at 1600"C, whereas Alloy #425 was made by melting and casting in a sand mold and slow solidification. The MoSiz-SigNo composites of several compositions were fabricated by hot pressing powders of the two materials with sintering aids.
Oxidation of the alloys was conducted in a thermogravimetric apparatus (TGA), in which sensitivity of the electrobakmce was 0.1 pg. Specimens were suspended from the balance in..a vertical furnace and held for the desired exposure period. All of the oxidation experiments were conducted in high-purity air, exposure temperatures ranged between 500 and 1200"C, and exposure times were up to 200 h. Upon completion of the oxidation test, the furnace was openeã nd the specimens were rapidly cooled to room temperature. Following thermogravimetric measurement of oxidation, scale surfaces and/or cross sections of specimens were examined with a scanning electron microscope (SEM) equipped with an energy-dispersive X-ray (EDX) analyzer, and X-ray diffraction (XRD).
Oxidation experiments on composites were conducted in an apparatus in which specimens of various compositions were exposed simultaneously to flowing high-purity air.
Specimens were periodically retrieved, weighed, and measured. The exposure temperatures for oxidation of composite specimens ranged between 500 and 1400"C and exposure times were up to 1800 h. Upon completion of exposures, specimen surfaces and cross sections were characterized by SEM and EDX.
RESULTS
Oxidation of MosSig
Specimens of ANL-made binary silicide were oxidized in a TGA at 600, 700, 800, and 1000"C in high-purity air. Figure 2 shows the weight change data for specimens oxidized at several temperatures. The specimen tested at 600"C showed some weight gain and the sample 
However, the SiOz phase does not form fast enough to completely cover the Mo$SiJMoJ3i grains to offer protection against firther oxidation. The specimen that was oxidized at 1000"C exhibited almost no weight change for *O h, after which it started to lose weight. XRD analysis of the specimen surface showed MosSis, MosSi, and SiOz while significant volatilization of Mo oxides had occurred. We believe that the slow growth rate of SiOz scale is not able to completely protect the alloy, even at 10OO°C. .. Table 1 lists the composition, fabrication method, and source of the B-containing MosSis alloys, that were used in the oxidation study. Figure 4A shows the thermogravimetric weight change data for several of the alloys after exposure in air at 800°C. The single-crystal alloy (LANLLSC) and the T1-phase alloy (LANLIT1) that contained 2 at.% B exhibited rapid weight loss, indicating the formation of volatile Mo oxide and no protection from silica. Figure 4B is a replot of the same data used in Fig. 4A , but without the data for the single-crystal and T1 alloys. The B-containing alloys generally exhibit a protective scaling behavior whereas the Mo$is without B shows continued weight loss even at this temperature. However, the alloy does not pest or turn into powder but only undergoes nonprotective scaling. The results also indicate that the MSB 1 alloy, with 7.3 at.% B, exhibited gradual weight loss and never reached a plateau (like the other two B-containing alloys). This is probably due to the presence in the alloy of free Mo, which can arise because the alloy was made by hot pressing powders of MoSiz, Mo, B, and C.
Oxidation of B-containing MosSis
The oxidation behavior of the LANL alloy that contained predominantly T2 phase (=25 at.% B)
was similar to that of the Ames alloy when exposed in air at 800°C. Figure 5 shows the XRD patterns for the Ames and LANL alloys after oxidation. The predominant phase in the oxidation product in both alloys is Mo02. The higher B content may favor formation of amorphous silica or borosilicate, which can be itierred from the larger hump in the diffraction pattern (at 2-theta angles in the range of 10-20°) for the LANL alloy.
Because the Ames alloy, which contained 9.3 at.% B, exhibited protective scaling after an initially rapid weight loss for a short period of time, we elected to firther evaluate its oxidation behavior over the wide temperature range of 500-1200°C. Figure 6 shows the thermogravimetric weight change data for this alloy when oxidized .in air at 500, 600, 700, and 800"C. The tests at 600 and 700°C were repeated to validate reproducibility of the results. The data showed a protective scaling of the alloy at 500"C, not because of SiO~formation, but because the rate of volatilization of Mo oxide is negligible. At 600 "C, the alloy exhibited substantial weight loss after an initial weight increase for =100 h. When repeated at 600"C, the test also exhibited weight loss but at a somewhat lower rate. Figure 7 shows SEM secondary-and backscatteredelectron images (SEIS and BEIs) of the alloy after oxidation at 600°C,. The white regions in the BEI were identified by EDX as pure Mo. Because this alloy was made by hipping a three-phase mixture, no free Mo is expected in the starting material; thus, the Mo must have been produced by direct oxidation of MosSis to Mo and SiOz. XRD analysis did not detect any SiOz or borosilicate phase, but these phases will be amorphous and lack of detection does not mean they are absent.
Oxidation tests conducted at 700"C showed a sharp weight loss over a few hours ;õ xidation and the tests had to be stopped to prevent complete loss of the specimens. To examine this loss further, additional tests were conducted at 700°C. During these additional tests, several specimens were exposed in air for 0.5, 1.5, and 5 h. Weight change data for these tests are given in Fig. 8 , with the three exposure times marked as A, B, and C. XRD analysis was conducted on the three specimens and the diffraction patterns are shown in Fig. 9 . It is evident that the dominant phase in all three specimens is Mo03; very little SiOz, if any, is detected. Figure 10 shows the SEM photographs of the three specimens. After 0.5 h of exposure, the specimen showed needle-like Mo03 phase and after 1.5 h, some consolidation is noted. After 5 h of exposure, the needle-like morphology has completely disappeared and the white spots on the surface were identified by EDX as pure Mo, indicating direct oxidation of MosSi3 to Mo and SiOz. The alloy undergoes nonprotective scaling at this temperature and has very little tendency to form either silica or borosilicate as a continuous scale to resist further oxidation. Figure 11 shows the thermogravimetric weight change data for the Ames alloy after oxidation in air at 800, 1000, and 1200°C. The curves show a sharp drop in specimen weight for * hat all temperatures, after which a plateau is reached and the weight changes little during 50-70 h of additional exposure. The curves indicate a protective scaling in the alloy at these temperatures. Figure 12 shows the XRD patterns for the Ames alloy after oxidation in air at the three temperatures. The reaction products that lead to protection are the Mo02 phase at 800"C and. pure Mo and silicdborosilicate (amorphous nature indicated by the humps in the low 2-theta angle region of the XRD pattern) phases at 1000 and 1200"C. From this information, we can write the possible oxidation reactions as Mo5Si3 + 8 Oz = 5 MOOZ+ 3 SiOz (3) and Mo5Si3 + 3 Oz = 5 Mo + 3 SiOz , Figure 13 shows SEM photomicrographs of the surfaces of the Ames alloy oxidized in air at 800, 1000, and 1200"C. The morphology of the scale observed after oxidation at 800"C consisted of light-colored M002 phase and dark gray colored Si-rich oxide (see photomicrograph marked 800°C in Fig. 13 ). After oxidation at 1000 and 1200"C, the surface consisted predominantly of Si-rich oxide and almost pure Mo particles. The surface layer showed significant cracking and peeling and seemed to be highly plastic, as indicated by the curling rather than spalling of the oxide layer. Such a mode of degradation of the oxide layer can expose interior Mo silicide to additional oxidation and the sequential process of oxidation and peeling can continue without offering oxidation protection for the alloy over long periods of exposure.
Oxidation of MoSiz-Si3NQ Composites .. Petrovic et al. [19] and Sadananda et al. [20] have been developing Mo-Si-based composites by fabricating materials like MoSiz from various ceramic materials, such as SiC, Si3NQ,Zr02, A1203, TiBz, TiC, etc. Table 2 lists the physical and thermal properties of MoSiz and SisNQ. Reinforcement of ceramic materials, e.g., with fibers, whiskers, and discrete particles in MoSiz, is directed toward improving the fracture toughness of the composite material. The room-temperature fracture toughness of monolithic MoSiz is Z3 Mpa"m 1/2and that of equiaxed polycrystalline SisNQ, densified without sintering additives, is also 3 MPa.mljz [21, 22] .
However, the room-temperature fracture toughness of MoSi~matrix-SisNo-reinforced composite that contains 50 VO1.YO Si3No has been reported as 5.2 MPa"mli~. Furthermore, the fracture toughness of the composite of the same composition increases to 10 or 15 MPamliz if the SisNQ grains are elongated [23, 24] . Recently, a series of MoSiz-SisNQ composites were subjected to cyclic oxidation testing at 900"C for 55 rein, followed by a 5 min air cooling [25] . After 500 cycles, the material did not exhibit pesting degradation. However, based on the oxidation behavior of MoSi2 and SisNQ, pesting or accelerated oxidation is not expected at 900°C and the purpose of the present work is to examine the oxidation behavior of MoSiz-SisNQ composites of various compositions (see Table 1 for details) at temperatures between 500 and 1400°C. q It is well known that MoSiz undergoes pesting degradation at temperatures between 400 and 600°C and that a Si02 scale, which protects the MoSiz alloy from firther oxidation forms above =900°C [1O-13] . Pure Si3NAis resistant to oxidation in air over the wide temperature range of 500-1200°C [26] . Figure 14 shows weight change data for SisNA material when exposed to air at 1200°C. Even though the fracture toughness of the MoSiz-Si3NA composites, especially with elongated SisNAgrains, is promising, our knowledge of their oxidation behavior, especially at low temperatures is limited. Therefore, pure MoSiz and specimens of.MoSiz-Si3N4 composites that contained 20,40,60, and 80 vol~% Si3NAwere oxidized in air at 500, 800, 1100, and 1400°C. Figure 15 shows the weight change data for several MoSiz-SisNA composite compositions that were oxidized in air at the four temperatures. The results show that the composites are resistant to oxidation at 800, 1100, and 1400"C. Interestingly, the oxidation rates of the composites are lower by more than an order of magnitude than rates observed for the Ames, LANL, and ORNL alloys tested in the present study (compare data in Figs. 4, 11, and 15), But, significant increase in weight loss is noted at 500°C, the regime of pesting or nonprotective oxidation for MoSiz. The results also indicate more rapid oxidation at 500°C for composites with 60 or 80 vol."~Si3NAthan for the other compositions. Additional work is needed in 500-800°C range to evaluate the severity of composite degradation that is due to oxidation. Another issue with these composites that is not evident in the oxidation data is the presence or lack of stability of the surface layers in the oxidized specimens. Figure 16 shows the SElyl photomicrographs of the sutiaces of MoSiz-Si@Jl composites after a 100-h oxidation at 1400°C.
The protective layer on the surface exhibits significant cracking and peeling but no spalling, indicating that its adherence is adequate but that it is mechanically weak. The cracking and peeling behavior of the composites are similar to those observed in B-containing Mo$Si3 (see photomicrographs marked 1000 and 1200"C in Fig. 13 ), indicating that the development of scale is dictated by the MoSiz in the composite, whereas SisNQ contributes little to the oxidation protection of the composite.
. . Figure 17 shows SEM photomicrographs of the cross sections of the specimens shown in Fig. 16 . The scales appeared glossy and in specimens with O, 20, and 40 vol.% SisNA,the scales seem to have melted during the 100-h 'exposure. The thickness of the scale was =60-100 pm.
The light-colored phase in the outer region and in the interior of the scale is the sintering aid, e.g., Yz03, used in the fabrication of the composite. The composite with 80 vol.% Si3NA exhibited a continuous, thin (=5 pm) silica scale; but, the scale showed several transverse cracks, indicating that its plasticity may be less than that observed in composites that contained a lower VOl.O/O of SisNA. The results, obtained thus far, seem to suggest that the oxidation performance of the composite material will be largely determined largely by the oxidation behavior of the Mo silicide in the composite.
SUMMARY
Binary Mo silicides are prone to nonprotective oxidation at low temperatures (500-7000c) in air, primarily because silica growth rates to form an external continuous scale are extremely low. Additions of more stable oxide-forming elements may only have a marginal benefit at low temperatures because the growth rates of most of those oxides are also low. Addition of B to accelerate formation of borosilicate at low temperatures is not proved. Silica (or borosilicate) scale seems to peel at elevated temperatures (1000-1400"C), indicating significant plasticity; however, long-term protective capacity of the scale maybe degraded. The oxidation behavior of silicide-ceramic composites (e.g., MoSiz-Si3NQ) is excellent in the temperature range of 800-1400"C and the rates for the composites are significantly lower than those observed for Bcontaining Mo5Si3 alloys. Even the composites exhibit pesting or nonprotective scaling at lower temperature (e.g., 500"C) suggesting that the ceramic component is inert from the oxidation standpoint and the oxidation resistance of the composite is determined predominantly by that of the silicide in the composite. -. ,
. Fig. 13 . SEM photomicrographs of Ames alloy after oxidation in air at 800, 1000, and 1200°C. . ., --~..,
